Introduction {#S0001}
============

Based on 2015 World Health Organization (WHO) estimates, cancer-related deaths rank the highest in causes of death before 70 years of age.[@CIT0001] Surgery, radiotherapy, chemotherapy and molecular targeted therapy are the primary treatment modalities for cancer. Chemotherapy plays an important role in local control and distant metastasis of tumors. Nevertheless, chemotherapy results in several systemic side effects such as gastrotoxicity, myelosuppression, nephrotoxicity, ototoxicity, hepatotoxicity, cardiotoxicity, neurotoxicity and allergic reactions.[@CIT0002]--[@CIT0004] Cisplatin is a metallic compound that possesses square planar geometry and is a widely used antitumor drug. It is dose-dependent, with its efficacy related closely to the concentration of the drug in the tumor. Liver and kidney damage as well as gastrointestinal reactions are the most common side effects of this compound.[@CIT0005] Cisplatin has proven to be useful across a myriad of tumors such as sarcomas, lymphomas, germ cell tumors and carcinomas.[@CIT0006] It is particularly efficacious in the management of cervical cancer, the most frequently encountered gynecological cancer.[@CIT0007] Concurrent administration of cisplatin with radiotherapy is thought to be the optimum model in concurrent chemoradiation therapy (CCRT).[@CIT0008] In clinical practice, several patients refuse and withdraw from chemotherapy as they are unable to tolerate the severe side effects, leading to treatment failure. The side effects of chemotherapy caused by cisplatin seriously affect the compliance of patients to chemotherapy, thereby adding psychological and economic burden on the treatment of cervical cancer. Therefore, despite the advent of effective cisplatin-based concurrent chemotherapy, its toxic effect is a significant limiting factor.[@CIT0009]--[@CIT0013]

Several novel techniques of drug administration have been invented. One such example is the transdermal drug delivery system which is widely used in clinical practice because of its advantage in decreasing side effects in comparison to oral administration and injections, especially in the field of dermatology. The skin is an effective diffusion barrier that only allows the passive diffusion of small (\<500 Da) lipophilic molecules. Therefore, several ways to enhance transdermal drug delivery has been developed, including physical (iontophoresis, sonophoresis, electroosmosis, lasers, microneedles, etc.) and chemical approaches (microbubbles, nanobubbles, nanodroplets, liposomes, emulsions, micelles, etc.).[@CIT0014] Sonophoresis is an ultrasound (US)-based modality that enhances the permeability of the skin in order to allow transmission of chemicals through the skin in a non-invasive and reversible manner.[@CIT0015] The potential of sonophoresis-enhanced transdermal drug delivery has been researched and is a proven means of noninvasive administration of compounds, including hormones, non-steroidal anti-inflammatory drugs (NSAID), fentanyl, lidocaine and mannitol.[@CIT0016] It has also been investigated in the domains of gene therapy and vaccination.[@CIT0017] However, sonophoresis in the context of transdermal permeation of cisplatin has rarely been reported, limiting the availability of an appropriate treatment protocol involving the two modalities.

Myeloperoxidase (MPO) is a heme iron enzyme released by activated neutrophils, monocytes, and macrophages. It is a marker of neutrophil activation and a member of the intercellular triggered-apoptosis mechanism. It represents the gold standard for the quantification of neutrophil infiltration.[@CIT0018] Caspase-3 is a key protease in mammalian apoptosis that lies at the core of the apoptotic cascade and is also known as the "central processing unit" of apoptosis. It represents a crucial checkpoint in the apoptotic protease cascade reaction.[@CIT0019] Replication in eukaryotic cells are dependent on a molecule known as the proliferating cell nuclear antigen (PCNA), which acts as a DNA clamp and a processivity factor for DNA polymerase δ. DNA synthesis is strongly related to PCNA. PCNA can be used as an indicator of cell proliferation status given its role as a critical modulator of cell proliferation.[@CIT0020] These three factors are classic indicators of tumor inflammation, apoptosis and proliferation.

Considering the specificity of the anatomical location of cervical cancer (the tumor being exposed in a natural lumen) and the role of chemotherapy as a cornerstone in its management, cervical cancer is the most suitable cancer for the investigation of sonophoresis-mediated transdermal delivery of cisplatin in clinical practice. Therefore, our investigation is designed to determine the optimum administration model (drug concentration, visual safe dose) of cisplatin in the presence of ultrasound administration in a xenograft model of cervical carcinoma in nude mice. Our experiment utilized modalities such as high-performance liquid chromatography (HPLC) to determine cisplatin concentration, hematoxylin-eosin (HE) staining and transmission electron microscope (TEM) for examination of tumor, liver, kidney and skin tissues, growth curve and tumor-inhibition rate of tumors in nude mouse, immunohistochemical and immunofluorescent analyses for detection of MPO, Caspase-3 and PCNA as well as the TUNEL assay for cell apoptosis. Our aim is to determine a method that is able to improve tumor drug concentration and to enhance its anti-tumor efficacy without an increasing risk of systemic toxicity.

Materials and Methods {#S0002}
=====================

Cell Culture {#S0002-S2001}
------------

Cervical cancer cells (SiHa) were obtained from the Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences (Shanghai, China). All cells were incubated at 37°C in a humidified atmosphere with 5% CO~2~. Cells were cultivated in minimum essential medium (MEM; Gibco Co., USA) supplemented with 10% fetal calf serum (FBS; Gibco Co., USA). Potassium penicillin (100 U) and 100 μg streptomycin sulfate/1 mL were added into the culture medium.

Animal and Xenografted Tumor Model of Cervical Cancer {#S0002-S2002}
-----------------------------------------------------

Specific pathogen-free (SPF) female nude BALB/c mice (4 weeks old, 12\~15g) were purchased from Guangxi Medical University Laboratory Animal Center and maintained in pathogen-free conditions in it. A total of 2×10^6^ SiHa cells were suspended in 100 μL PBS and then injected into the left subcutaneous axilla of female BALB/c athymic nude mouse. In total, 32 mice were included in experimental groups. Weight of mice and diameters of tumor were examined each day in order to derive the tumor volumes (width^2^ × length × 0.5).

In vivo Treatment of Subcutaneous Xenograft Tumors {#S0002-S2003}
--------------------------------------------------

As soon as tumor sizes reached 100 mm^3^ in size, all experimental animals were randomly divided into four groups (n=8 in each group): control group without any intervention, low, medium and high concentration groups which were treated with the corresponding cisplatin concentration 0.2mg/mL, 0.4mg/mL and 0.8mg/mL, respectively. Cisplatin was administered under sonophoresis on the skin of local tumor after anesthesia by pentobarbital sodium, 1 mL cisplatin at a time, each day for five consecutive days. The concentration gradients of cisplatin were proposed by pharmacologists according to the concentration of cisplatin in the clinical practice. Therapeutic pulsed ultrasound (TPU) was administered for 20 mins at an intensity of 2.0W/cm^2^ and a frequency of 1.0 MHz.[@CIT0021] Ultrasonic conductometric compound therapeutic instrument WND-ZZ-2TD-E was used for sonophoresis (Guilin Wandom Medical Apparatus CO.LTD, Guilin, China). Weight of mice and tumor diameters were measured daily. After the dose of drug administration, all mice were killed in order to extract the tumors, skins (contacted with the ultrasonic electrode), livers and kidneys were excised and weighed. All animal experiments and care administered were regulated by protocols set by the Guangxi Medical University Animal Care and Use Committee, People's Republic of China.

High-Performance Liquid Chromatography (HPLC) {#S0002-S2004}
---------------------------------------------

The tumor tissue was homogenized at low temperatures (on the ice) and centrifuged for 15 min to collect the supernatant. As the ultraviolet absorption peaks can only be detected after cisplatin is combined with diethyldithiocarbamate (DDTC), DDTC was added into the supernatant to combine with the free cisplatin. The DDTC-cisplatin compound was then extracted by chloroform. After the chloroform layer was absorbed and the argon dried, the residue was dissolved with ethyl acetate, centrifuged for 5 min, and the supernatant was taken for further analysis. Separations using chromatography were done using an LC-20AB (SPD-20A UV-VIS Detector, CTO-20AC Column Oven, SIL-20AC Autosampler, LC-20AB Solvent Delivery Unit, Ver 1.25 Workstation). The liquid chromatograph was equipped with an autosampler, column thermostat, degasser and binary gradient pump. All chromatographic separations were carried out using the GP-C18 (250 mm 4.6 mm i.d., 5um) analytical column. The wavelength of the detector was 254 nm and the working conditions were programmed to be at a drying gas flow (nitrogen) at a rate of 1.0 mL/min and at a capillary temperature of 30 degrees. The mobile phase is 30% water and 70% methanol. The chromatographic data were recorded and analyzed using the Chem Station and Data Analysis software from Agilent, United States. An external standard model was used to perform quantitative determinations. Relative concentrations of DDTC-cisplatin were calculated with a standard curve constructed with a standard cisplatin aqueous solution. A 5-point plot had calibration curves ranging from 0.5 to 50 mg/mL. Acceptable linearity (R^2^ \> 0.999) was preserved. All calibration curves possessed an R^2^=0.99 coefficient of determination. The results are depicted in terms of mg per mL of extract (mg/mL).

Transmission Electron Microscope {#S0002-S2005}
--------------------------------

The tumor, skin, liver and kidney tissues were fixed with glutaraldehyde for transmission electron microscope analysis to detect ultrastructural changes. Transmission electron microscope (Hitachi-7650, Tokyo, Japan) was used to collect the corresponding images.

Histopathology {#S0002-S2006}
--------------

Tissue samples were fixated in 10% formalin, subjected to alcohol dehydration and xylol clearance before being paraffinized using a tissue processor. Blocks were sectioned into 4μm in thickness and stained with hematoxylin and eosin. Finally, light microscopy was used to evaluate the changes in tissues.

Immunohistochemical and Immunofluorescent Analyses {#S0002-S2007}
--------------------------------------------------

All the paraffin-embedded sections were cut into 4μm sections. Paraffin sections were dewaxed and hydrated, then washed with PBS thrice, each time for 3 mins. The repair antigen was boiled with 0.01mol/L citrate buffer at pH6.0 for 90 s, then washed 3 times with PBS for 3 mins at each time. The substrate was incubated with 3% H~2~O~2~ at room temperature for 15 mins, then rinsed with PBS 3 times for 3 mins each rinse. Samples were then serum sealed for 40 mins. Primary antibodies were added prior to an overnight incubation at 4°C. The primary antibodies added include monoclonal rabbit anti-PCNA antibody (Abcam, Cambridge, MA, USA), polyclonal rabbit anti-MPO antibody (Bioss, Boston, MA, USA) and polyclonal rabbit anti-Cleaved Caspase-3 antibody (Affinity, Cincinnati, OH, USA). The second antibody labeled with biotin was then used to incubate the samples for 20 mins at room temperature. Substrates were then rinsed with PBS thrice. Streptomyces anti-biotin peroxidase solution was added prior to a 20-min incubation period at room temperature. Samples were rinsed with PBS thrice. Finally, DAB color rendering and hematoxylin reddening were performed.

For immunofluorescent analysis, the previous steps as described in immunohistochemical staining were done. After 10 mins of incubation with 3% hydrogen peroxide, substrates were incubated with 5% BSA at room temperature for 30 mins. Then, the sections were immunostained with monoclonal rabbit anti-PCNA antibody (Abcam, 1:100 dilution), polyclonal rabbit anti-MPO antibody (Bioss, 1:100 dilution) and polyclonal rabbit anti-Cleaved Caspase-3 antibody (Affinity, 1:100 dilution) at 4°C overnight. After incubation with a primary antibody, fluorescence secondary antibody (ZSGB-BIO, Beijing, PRC) was added and incubated at 37°C for 30 mins. DAPI was then added and the sample incubated at room temperature for 10 mins. The water-soluble tablet was sealed and observed by a fluorescence microscope.

A microscopic examination was performed and randomly selected from each chamber. The semi-quantitative method was used for evaluation, staining intensity and range were observed under an optical microscope with 400× magnification by three experienced pathologists in a double-blind manner.

TUNEL Assay {#S0002-S2008}
-----------

The TUNEL (Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling) staining was carried out using an in-situ apoptotic cell detection kit based on protocols stipulated by the manufacturer (Roche Group). The cytoplasm was stained with yellow or brown. Images of the representative sections were captured using a microscope and analyzed by three experienced pathologists in a double-blind manner.

Statistical Analysis {#S0002-S2009}
--------------------

All data are depicted in terms of mean ± standard deviation (SD) based on a composite of results performed in triplicate. The statistical significance was identified by repeated analyses of variance and one-way analysis of variance (ANOVA). All statistical analyses were carried out using the IBM SPSS software (version 25). Statistical significance was defined as *P*\<0.05.

Results {#S0003}
=======

Weight and Tumor Changes of Nude Mice {#S0003-S2001}
-------------------------------------

There were no adverse effects on the feeding habits and mental status of nude mice in groups except the 0.8 mg/mL group. Mice in 0.8 mg/mL group demonstrated poorer feeding habits and deteriorated mental states, with their weights demonstrating a significant decreased trend. The other groups all demonstrated increased bodyweights. After repeated-measures analysis of variance was performed, we found that there were statistical differences between 0.8 mg/mL group and other groups (*P*\<0.001), and no statistical difference among the control group, 0.2 mg/mL group and 0.4 mg/mL group. Weight change of nude mice during intervention was presented in [Figure 1A](#F0001){ref-type="fig"}.Figure 1(**A**) Weight change curve of nude mice (g) during intervention (n=8). (**B**) Tumor volume change curve of nude mice (g) during intervention (n=8). (**C**) Tumor weight of mice in the different groups on day 5 (n=8). (**D**) Representative tumors from mice in the different groups on day 5. \*\*\*P\<0.001 versus the control group.

The tumor volume of nude mice in each group showed an increasing trend, and the difference of tumor volume and weight between each group was not statistically significant (*P*\>0.05). We did not observe a significant tumor-inhibition effect. Tumor volume change of nude mice during the intervention and the tumor weight after animals were sacrificed are presented in [Figure 1B](#F0001){ref-type="fig"} and [C](#F0001){ref-type="fig"}. Representative tumors from mice after treatment are shown in [Figure 1D](#F0001){ref-type="fig"}.

HPLC Profile of Cisplatin in Tumor of Nude Mice {#S0003-S2002}
-----------------------------------------------

Given the strong binding force between cisplatin and protein, it is difficult to determine the total cisplatin content in tissues. Therefore, our experiment measures the amount of cisplatin in tissues that can complexed with DDTC within 30 mins. Previous studies have reported that this component of cisplatin is the component more strongly related to clinical therapeutic effect.[@CIT0022],[@CIT0023] DDTC-cisplatin in tumor tissues is identified and analyzed based on the linear regression equation of Y=5.779742×10^−8^X-0.0199 (R^2^=0.9976), with Y representing concentration and X the peak area. DDTC-cisplatin peak was not detected in the control and/or 0.2 mg/mL groups. The relative concentrations of cisplatin in the 0.4 mg/mL and the 0.8mg/mL groups were 0.081±0.033 mg/mL and 0.111±0.021 mg/mL, respectively. These variabilities were deemed to be statistically significant (*P*=0.005). [Figure 2A](#F0002){ref-type="fig"} demonstrates a chromatogram of DDTC-cisplatin standards and a representative chromatogram of each group. [Figure 2B](#F0002){ref-type="fig"} demonstrates the standard curve of DDTC-cisplatin. [Figure 2C](#F0002){ref-type="fig"} demonstrates the quantitative analyzed results in different groups.Figure 2(**A**) Chromatogram of cisplatin standards and representative chromatogram of each group. (**B**) Standard curve of DDTC-cisplatin. (**C**) Relative concentration of cisplatin in the different groups on day 5 (n=8). \*\*\*P\<0.001 versus the control group.

Morphology Changes of Tumor, Skin, Kidney and Liver {#S0003-S2003}
---------------------------------------------------

### Tumor {#S0003-S2003-S3001}

The tumor cells in the control group were distributed in clumps or sheets, closely arranged, with different cell sizes, large nuclei, dark staining, and possessed obvious nucleoli. Abundant small blood vessels could be seen in the tumor tissues, with relatively complete vascular structures, with no exudation of red blood cells between tissues. There was no obvious change except for some granulocytes and lymphocyte infiltration in 0.2 mg/mL group. In 0.4 mg/mL group and 0.8 mg/mL group, there were many inflammatory cells (predominantly consisting of granulocytes and lymphocytes) infiltrate. There was incomplete tumor angiogenesis as evidenced by the disrupted continuity of vascular endothelium and a large number of red blood cells present between tissues. Representative images in each group are shown in [Figure 3](#F0003){ref-type="fig"}.Figure 3Histological images from the major organs of mice in the different groups on day 5. Tissues were collected from the tumor, skin, kidney and liver. Images were taken at ×400 magnification with standard hematoxylin and eosin (HE) staining. The arrow indicated the areas of inflammatory cell infiltration.

### Skin {#S0003-S2003-S3002}

With the exception of the 0.8 mg/mL group, there were no abnormal inflammatory responses demonstrated by the other groups. In the 0.8 mg/mL group, there were numerous inflammatory cells infiltrate, a thinner cuticle with the presence of intercellular edema, and vesicles within the epidermis. All other groups demonstrated a dense and continuous cuticle with no obvious inflammatory cell infiltration in the subcutaneous tissue. There was also no obvious damage to the sweat glands and hair follicle structures. Representative images in each group are shown in [Figure 3](#F0003){ref-type="fig"}.

### Kidney {#S0003-S2003-S3003}

With the exception of the 0.8 mg/mL group which demonstrated a small amount of inflammatory cells such as lymphocyte and neutrophil infiltration, there were no abnormal changes observed in the other groups. In the 0.8 mg/mL group, the epithelial content was not clear, the renal stroma was infiltrated by inflammatory cells, kidney tubules were dilatated and hyperemic, and the epithelial cells of the tubules were visibly turbid and swollen. Conversely, all other cells demonstrated clear boundaries of renal cortex and medulla, complete glomerular structures, normal-sized renal tubules and an intact epithelium, and no inflammatory cell infiltration was observed in the renal stroma. Representative images in each group are shown in [Figure 3](#F0003){ref-type="fig"}.

### Liver {#S0003-S2003-S3004}

No significant abnormalities were found in Liver groups. The hepatocytes were neatly arranged, and the hepatic sinuses were aligned around the center of the hepatic lobule with the neatly arranged septum of the hepatic cords. The cytoplasm was plump, the nuclear chromatin was clear, and the boundaries were clear. Representative images in each group are shown in [Figure 3](#F0003){ref-type="fig"}.

Ultrastructure Changes of Tumor, Skin, Kidney and Liver {#S0003-S2004}
-------------------------------------------------------

### Tumor {#S0003-S2004-S3001}

In the control group and 0.2 mg/mL group, the structures of tumor cells were basically normal, with tight arrangements and narrow intercellular space. The cytoplasm was large, and nucleoli were obvious. There were lots of cytoplasmic organelles, and some endoplasmic reticulum was expanded to form vesicles. In the 0.4 mg/mL group and 0.8 mg/mL group, there were higher proportions of apoptotic cells. The tumor cells were loosely arranged with large intercellular spaces, the nuclei of tumors were irregular, and the nucleoli were well defined. The endoplasmic reticulum expanded to form vesicles in the cytoplasm of the tumor cells, and numerous mitochondria were seen swollen and fractured in the cytoplasm. Representative images are shown in [Figure 4](#F0004){ref-type="fig"}.Figure 4Representative TEM×1700 images of tumor, skin, kidney and liver in each group.

### Skin {#S0003-S2004-S3002}

The stratum corneum did not develop any structural damage as a result of ultrasound exposure. The cuticle was distributed in a banded manner, with dense and closely packed layers. Some cell debris and secretions were attached to the cuticle. In the 0.8 mg/mL group, the cytoplasm of the granulosa cells was loose, with a small number of mitochondria swollen and broken, and keratin filaments were able to be seen in the granular layer. Representative images are shown in [Figure 4](#F0004){ref-type="fig"}.

### Kidney {#S0003-S2004-S3003}

In control group, 0.2mg/mL and 0.4mg/mL groups, the renal tissue structure was normal, the renal epithelial nucleus was round or oval, the nuclear membrane was smooth, the nucleus and nuclear pore were clear, the cytoplasm and organelles were abundant, a large number of mitochondria were evenly dispersed and maintain normal morphology, the internal ridge structure was clear, the rough endoplasmic reticulum was neatly arranged, and abundant ribosomes were distributed on it. In the 0.8 mg/mL group, the intercellular space between the renal epithelial cells was significantly enlarged, with more mitochondrial swelling and mitochondrial cristae rupture. There was numerous lymphocyte infiltration around the nucleus. Representative images are shown in [Figure 4](#F0004){ref-type="fig"}.

### Liver {#S0003-S2004-S3004}

The overall structure of the liver cells was normal, the nuclear membrane nucleoli were clearly visible, and the intracellular organelles such as the mitochondrial endoplasmic reticulum were abundant in the cytoplasm. Representative images are shown in [Figure 4](#F0004){ref-type="fig"}.

Effect of Sonophoresis on Tumor Apoptosis and Proliferation in vivo {#S0003-S2005}
-------------------------------------------------------------------

### Immunohistochemical Assay {#S0003-S2005-S3001}

To explore the effect of sonophoresis on the molecular level, we analyzed factors of apoptosis (MPO, Caspase-3, TUNEL) and proliferation (PCNA) in our study.

MPO was expressed in all groups. In contrast to the control group, MPO expression in the 0.4 mg/mL group (*P*=0.001) and the 0.8 mg/mL group (*P*\<0.001) was significantly increased. MPO levels between the control and the 0.2 mg/mL groups (*P*=0.825) were not significantly different. MPO expression in each group is shown in [Figure 5A](#F0005){ref-type="fig"}.Figure 5(**A**) MPO expression in each group (n=8). (**B**) Caspase-3 expression in each group (n=8). (**C**) The results of TUNEL assay in each group (n=8). (**D**) PCNA expression in each group (n=8). \*P\<0.05, \*\*P\<0.01 and \*\*\*P\<0.001versus the control group.

Caspase-3 was expressed in all groups with the highest level in 0.8 mg/mL group. This molecule was not obviously present in the control and the 0.2 mg/mL groups, with no significantly different levels between these groups (*P*=0.288). There were marked alterations among the control group and 0.4 mg/mL group and 0.8 mg/mL group (*P*=0.003, *P*\< 0.001, respectively). Statistically significant differences were present between the 0.2 mg/mL group and 0.4 mg/mL group (*P*=0.039), between 0.2 mg/mL group and 0.8 mg/mL group (*P*\<0.001), and between 0.4 mg/mL group and 0.8 mg/mL group (*P*=0.024). Caspase-3 expression in each group is shown in [Figure 5B](#F0005){ref-type="fig"}.

TUNEL staining indicated that the average absorbance (*A*) of positive cells expressing apoptosis in the 0.4 mg/mL and 0.8 mg/mL groups was significantly higher versus the control group (*P*=0.01, *P*\<0.001, respectively). Values between the control group and 0.2 mg/mL group were not statistically different (*P*=0.696). Conversely, there was statistically significant differences between the 0.2 mg/mL and 0.4 mg/mL groups (*P*=0.025), and between 0.2 mg/mL and 0.8 mg/mL groups (*P*\<0.001). Expression in 0.8 mg/mL groups was also higher than 0.4 mg/mL group (*P*=0.01). The results of TUNEL assay in each group are shown in [Figure 5C](#F0005){ref-type="fig"}.

PCNA showed that positive cells were high in each group. The control group possessed the highest levels of positive cells. The expression decreased across the 0.2 mg/mL group, 0.4 mg/mL and 0.8 mg/mL groups. We did not uncover any differences between the control group and 0.2 mg/mL group (*P*=0.109). However, both the 0.4 mg/mL and 0.8 mg/mL groups possessed statistically significant differences when analyzed against the control group (*P*=0.001, *P*\<0.001, respectively). When analyzed against the 0.2 mg/mL group, both the 0.4 mg/mL and 0.8 mg/mL groups also differed significantly (*P*=0.036, *P*\<0.001, respectively). The 0.4 mg/mL group also possessed raised values in comparison to the 0.8 mg/mL group (*P*=0.01). The expression negatively correlated with cisplatin concentration. PCNA expression in each group is shown in [Figure 5D](#F0005){ref-type="fig"}.

The analysis results of the immunohistochemical assay are included in [Table 1](#T0001){ref-type="table"}. Representative immunohistochemical images of each factor in the different groups are shown in [Figure 6](#F0006){ref-type="fig"}.Table 1Scores of MPO, Caspase-3, TUNEL, PCNA in Different Groups (Mean ± SD, n=8 in Each Group)Control Group0.2 mg/mL0.4 mg/mL0.8 mg/mLP-valueMPO1.50±0.93^a^1.63±1.063.63±1.195.75±1.280.000\*Caspase-32.25±1.04^b^2.88±0.644.13±1.555.50±1.200.000\*TUNEL1.13±0.35^c^1.25±0.462.00±0.762.88±0.840.000\*PCNA2.75±0.46^d^2.38±0.521.88±0.351.25±0.460.000\*[^2][^3] Figure 6Representative immunohistochemical images of each factor in the different groups on day 5.

### Immunofluorescent Assay {#S0003-S2005-S3002}

We also detected the expression of MPO, Caspase-3, TUNEL and PCNA by immunofluorescence. They showed a similar trend as the immunohistochemical assay results. The expression results are as follows: MPO, Caspase-3, TUNEL (0.8 mg/mL group \> 0.4 mg/mL group \> 0.2 mg/mL group and control group), PCNA (0.8 mg/mL group \< 0.4 mg/mL group \< 0.2 mg/mL group and control group). The representative immunofluorescence images of each factor in the different groups are shown in [Figure 7](#F0007){ref-type="fig"}.Figure 7Representative immunofluorescence images of each factor in the different groups on day 5.

Discussion {#S0004}
==========

The therapeutic application of high ultrasound frequency sonophoresis (HFS) (≥ 0.7 MHz) has been used since the 1950s.[@CIT0024] In 1995, Mitragotri et al[@CIT0025] published a paper in Science demonstrating that macromolecules bigger than insulin such as erythropoietin (48 kDa) and interferon-γ (17 kDa) could be administered through the skin at therapeutic levels. The study sparked intense research into the field of ultrasound-assisted drug delivery. Although the mechanisms underlying sonophoresis-augmented skin permeability have not been fully described, the general consensus is that the process is mediated by acoustic cavitation. Other contributing factors include mechanical effects, generation of convective velocities and thermal effects.[@CIT0026] This investigation focused on the clinical impact of ultrasound-enhanced drug delivery and the underlying mechanisms.

In clinical practice, sonophoresis is commonly used in rehabilitation medicine and dermatology because of its role in increasing the permeability of drugs (such as arthritis, Paget disease, keloid and hypertrophic scars).[@CIT0027],[@CIT0028] With the development of ultrasonic technology, sonophoresis also has been used in anesthesia and gene therapy.[@CIT0029],[@CIT0030] A recent study reported the use of HFS for the delivery of a monoclonal antibody to different in vitro cancer cell lines for treatment against human papilloma virus (HPV) oncoprotein E6.[@CIT0031] However, there have been controversies regarding its efficacy on different drugs. Dakowicz et al[@CIT0032] investigated the efficiency of ultrasound therapy in combination with iontophoresis and hydrocortisone for the management of carpal tunnel syndrome (CTS) in 40 patients and found that the combined modalities improved symptoms in this cohort of patients. Silveira et al[@CIT0033] investigated the impact of dimethylsulfoxide (DMSO) phonophoresis and therapeutic pulsed ultrasound (TPU) on levels of oxidative stress in traumatized muscle and revealed that DMSO was able to effectively reduce muscular oxidative only when applied in conjunction with TPU. On the other hand, Kuntz et al[@CIT0034] found that 10% hydrocortisone phonophoresis treatment failed to raise human skeletal muscle tissue concentrations of cortisol. Studies on sonophoresis for the delivery of chemotherapy drugs have rarely been studied, given its potentially inflammatory effect on tissues. The inconsistency of ultrasound parameters (PTU) and concentration of administered drug might be the primary cause of incongruent results across the studies. Therefore, our study involved the use of a replicable cisplatin treatment method protocol (using the optimal PTU and the property drug concentration) in order to further investigate the use of sonophoresis-enhanced drug delivery.

Yingjie et al[@CIT0035] established the model of kidney injury induced by cisplatin in rats and found that the content of cisplatin in renal tissue is the highest on the fifth day. This timepoint was also when the most severe renal damage was observed. Huizhu et al[@CIT0036] revealed similar findings on hepatic ultrastructure damage using rat models of acute hepatic injury induced by cisplatin. Given the above evidence, our study investigates skin, liver and kidney injury at 5 days after the first administration of cisplatin to research the safety of cisplatin concentration for sonophoresis. Ye et al[@CIT0037] studied the impact of low-intensity ultrasound and HEp-2 cell apoptosis and found that ultrasound altered expressions of Bax, Bcl-2 and caspase-3 while markedly raising intracellular Ca^2+^ concentrations. Meanwhile, Shi et al[@CIT0038] found that low-intensity-pulsed ultrasound application in human hepatocellular carcinoma cells modulated the Cav-1/STAT3 signaling pathway. We concluded that the aforementioned pathway may be the upstream pathway of ultrasound-related apoptosis. This investigation studies the impact of sonophoresis combined with cisplatin through the detection of apoptotic protein markers MPO, Caspase-3 and TUNEL, and the proliferation factor PCNA. Our study indicates that ultrasound-enhanced transdermal delivery of cisplatin in the nude-mouse model of cervical cancer under the therapeutic pulsed ultrasound at an intensity of 2.0 W/cm^2^ and frequency of 1.0 MHz for a duration of 60 mins efficiently increased with the concentration of cisplatin. This finding is consistent with that of Rosim et al[@CIT0039] who researched diclofenac phonophoresis in human volunteers and found that pre-applied ultrasound irradiation augmented transdermal delivery of topical diclofenac gel, with higher drug concentrations yielding higher transdermal delivery. While higher drug concentrations (0.8 mg/mL) have the advantage of high drug permeability and therefore higher tumor apoptosis rate, it also imparts undesirable side effects such as skin inflammation response and renal injury, which in our study was directly responsible for decreased appetite and weight loss in the model animals. A major limitation of transdermal application of chemotherapeutic drugs is the effect of necrosis and inflammation on the local tissue of the application site.

In this study, we found that the medium concentration (0.4mg/mL) was able to administer satisfactory levels of cisplatin transmittance rate and had acceptable rates of tumor apoptosis while imparting no obvious damage to the skin, kidney and liver. Cisplatin in low concentration (0.2 mg/mL) group did not demonstrate obvious changes in HLPC, with no differences between cellular proliferation and apoptosis between this group and the control group. There was no tumor-inhibition effect was observed in each group during the intervention, possibly due to insufficient observation time (only 5 days). It was noticed that the weight of tumor was heavier in the middle and high concentration groups (even though there was no statistical difference (*P*\>0.05)), we suggest that this observation was related to tumor necrosis and inflammatory cell infiltration that was observed on HE staining and TEM visualization.

Based on our observations, we considered that the concentration of 0.4mg/mL might be the most appropriate concentration for sonophoresis-assisted drug delivery on a xenografted tumor model of cervical cancer. However, our study has a number of limitations. First, our research utilized ordinary cisplatin solution (NaCl) only. Second, our study only investigated the impact of cisplatin on our animal models at a single timepoint (5 days). This timepoint may be insufficient to evaluate the tumor suppression effect and injury of other organs. Third, the upstream pathway of ultrasound-related apoptosis was not further explored. At the beginning of the research design, we considered that as an auxiliary drug of chemotherapy and radiotherapy, simple and direct drug dispensing might be more economical and convenient for patients to accept. Meanwhile, the long-term curative effect, other side effects and the underlying molecular mechanisms will require further exploration by our group. Furthermore, the use of chemical penetration enhancers (CPEs) to attain a higher amount of permeabilization and the combination with other therapies for cervical cancer also should be researched.

Conclusions {#S0005}
===========

Sonophoresis enhanced transdermal delivery of cisplatin in xenograft tumor model of cervical cancer under the therapeutic pulsed ultrasound at an intensity of 2.0 W/cm^2^ and frequency of 1.0 MHz for a duration of 60 mins. The effect of this adjunct was concentration dependent. Considering the limitation of skin inflammation and renal injury caused by cisplatin, the recommended concentration is 0.4mg/mL. Although a significant inhibition in tumor growth was not observed because of the short observation time, sonophoresis did increase the concentration of cisplatin in tumor and induced apoptosis and inflammatory response. Meantime, no irreversible damage to the liver, kidney or skin tissue was observed. Sonophoresis drug transdermal delivery, as an adjuvant administration method combined with conventional chemotherapy, enhanced the local drug concentration without increasing nephrotoxicity or hepatotoxicity. It provides a novel idea for the comprehensive treatment of cervical cancer.
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[^2]: **Notes:** \*Statistically significant; ^a^There were statistical differences in control and 0.4 mg/mL group (*P*=0.001), control and 0.8 mg/mL group (*P*\<0.001), 0.2 mg/mL and 0.4 mg/mL group (*P*=0.001), 0.2 mg/mL and 0.8 mg/mL group (*P*\<0.001), 0.4 mg/mL and 0.8 mg/mL group (*P*=0.001); ^b^There were statistical differences in control and 0.4 mg/mL group (*P*=0.003), control and 0.8 mg/mL group (*P*\<0.001), 0.2 mg/mL and 0.4 mg/mL group (*P*=0.039), 0.2 mg/mL and 0.8 mg/mL group (*P*\<0.001), 0.4 mg/mL and 0.8 mg/mL group (*P*=0.024); ^c^There were statistical differences in control and 0.4 mg/mL group (*P*=0.01), control and 0.8 mg/mL group (*P*\<0.001), 0.2 mg/mL and 0.4 mg/mL group (*P*=0.025), 0.2 mg/mL and 0.8 mg/mL group (*P*\<0.001), 0.4 mg/mL and 0.8 mg/mL group (*P*=0.01); ^d^There were statistical differences in control and 0.4 mg/mL group (*P*=0.001), control and 0.8 mg/mL group (*P*\<0.001), 0.2 mg/mL and 0.4 mg/mL group (*P*=0.036), 0.2mg/mL and 0.8 mg/mL group (*P*\<0.001), 0.4 mg/mL and 0.8 mg/mL group (*P*=0.01).

[^3]: **Abbreviations:** SD, standard deviation; n, number; mg, milligram; mL, milliliter.
